Abstract: Compared to other waste heat recovery (WHR) technologies, organic Rankine cycle (ORC) system is regarded as the most candidate technology due to its simplicity, low cost and small back pressure impact. Expanders are crucial components of an ORC system along with working fluid. In this simulation study, an in-house code has been developed to explore the effect of various working fluids on optimum radial expander geometry. In addition, an off-design turbine analysis has been employed in order to evaluate the performance of the calculated expander geometry under various engine operating conditions. Finally, the effect of various expanders' designs on fuel consumption and emissions of an off-highway vehicle is presented. Compared to conventional diesel powertrain systems, the WHR system showed an up to 5.7% increase in brake torque and brake power and a 5.4% reduction in BSFC. The results also showed that working fluid and expander speed are critical parameters on the performance of the proposed powertrain configuration.
Introduction
Although heavy duty diesel engines are more efficient than gasoline engines in terms of fuel economy (Atluri et al., 2014) , still the major part of fuel energy is transformed into wasted heat. In terms of harmful exhaust emissions, the transportation sector is responsible for the one third of CO 2 emissions worldwide and approximately for the 15% of the overall greenhouse gas emissions (ODEC, 2010; Cartenì and de Luca, 2014) . With respect to internal combustion engine (ICE) technology, heavy duty diesel engines in off-highway vehicles (OHV) are receiving increasing levels of attention, recently. According to Popp (2015) , the UK total sales on off-road construction equipment are increased by 33% since 2013, making the UK the largest producer of off-road construction equipment in EU. Emissions from off-road vehicles in the construction and agricultural sectors equate to 12.7% of the total on-road transport emissions in EU and 11.2% in the UK. Moreover, diesel consumption from OHV sector costs UK 10.8 £bn annually (Georges et al., 2013; Krasenbrink and Dobranskyte-Niskota, 2008) . Hence, a waste heat recovery system offers opportunities to manufacturers to reduce operating costs and achieve lower pollutants and CO 2 emissions. They also drive a change on vehicle thermal management strategies for low cost ultra-efficient vehicles (Vinjamoor et al., 2015) Compared to other waste heat recovery technologies, organic Rankine cycle (ORC) technology is probably the most promising candidate for the conversion of exhaust heat into power. This is due to its performance and practical elements of cost and ease of maintenance. Moreover, heat exchanger of the ORC system introduces less backpressure compared to technologies such as turbo-charging and turbo-compounding, so as the total powertrain thermal efficiency can be additionally improved by 13% at maximum engine power conditions for a heavy duty diesel engine (Sekar and Cole, 1987) . The Rankine cycle is a closed cycle where the working fluid exchanges heat with a hot medium in an evaporator at constant pressure. The evaporated fluid then expands in an expander that produces the power output of the system. After the expansion process, the working fluid is condensed in a condenser at constant pressure, and then pumped again to the evaporator. The utilisation of ORC systems for waste heat recovery in ICEs receives great attention. The study of Boretti (2012) proved that 6.4 % better fuel economy could be achieved when cruising at 120 km/h by implementing an ORC system. Also, Bei et al. (2015) concluded that fuel economy of the diesel engine is improved by up to 6.1%.
Among the ORC system components, the expander is the most crucial and expensive component in ORC systems (Wong et al., 2013; George et al., 2015) . Moreover, the properties of the working fluid and the expansion machine have significant effects on Rankine cycle thermal efficiency. Expansion machines are classified into two main groups: turbomachine and positive displacement. Selection of the appropriate expander strongly depends on working conditions, type of working fluid, available space, weight restrictions and the size of the system (Wang et al., 2011b) . However for mobile waste heat recovery applications scroll expanders and radial turbines are the most common solutions in literature (Rosset et al., 2015) . In applications under high pressure ratio and low to medium mass flow rate conditions such as vehicular applications, radial expanders are generally preferred. Moreover, the radial inflow expander is less expensive, lighter, simpler in design, and doesn't need a lubrication system (Weib, 2015) . However, radial turbines are less efficient at part load and don't operate efficiently under variable speeds (Petchers, 2003) . In other words, efficiency of the expander drops when operates under off-design conditions (Teng et al., 2007) .
The aim of this simulation study is to present the effect of the design of a radial turbo expander on the ORC performance and consequently on the fuel economy and exhaust emissions of an off-highway vehicle. A mean-line turbine model has been developed to establish the geometry of the turbine full stage and predict the performance at single point (design point). This geometry was optimised for two working fluids, R245fa and R123, using as objective function the isentropic efficiency of the turbine. Then, the performance (off-design) of the optimum turbine geometry was calculated under various inlet conditions by utilising commercial turbomachinery simulation software (Concepts NREC, 2012) . The next step was to implement the turbine efficiency map in a simple thermodynamic ORC model to predict the efficiency of the Rankine cycle under off-design conditions. The ORC results were linked with the heavy duty diesel engine performance to predict the effect of waste heat recovery on the integrated powertrain performance, thermal efficiency and emissions. Compared to conventional diesel powertrain systems, the WHR system showed an up to 5.7% increase in brake torque and brake power and a 5.4% reduction in brake specific fuel consumption (BSFC). The results also showed that working fluid and expander speed are critical parameters on the performance of the proposed powertrain configuration.
Powertrain modelling approach
The proposed integrated powertrain model is schematically presented in Figure 1 . The model integrates the exhaust thermodynamic conditions predicted by the engine simulation and the ORC modelling which are both presented below in more details. The powertrain modelling results include the ORC efficiency and the net ORC power output for various engine operating conditions. The approach of this study for the ORC system is that the engine is unloaded from battery charging and the ORC expander power output is stored as electric power in the batteries of the vehicle in order to be consumed by other accessories such as fuel pump, lights, etc. 
Engine modelling
The engine model is based on a 10.3ℓ heavy duty diesel engine whose basic characteristics are given in Table 1 . This version of the engine fulfils the Euro 3 emission standards and it is equipped with a variable geometry mixed flow turbocharger and a common rail injection system. Its maximum engine power is 316 kW at 2100 rpm. The high engine capacity makes this engine a reasonable choice to apply a waste heat recovery system, due to the high exhaust flow enthalpy. The modelling of this engine is performed using GT power (Gamma Technologies, 2009) , in order to calibrate the engine model on the experimental fuel consumption. The final calibrated engine model calculates the fuel consumption, the exhaust waste heat as well as the engine NOx emissions, by using the well-known extended Zeldovich mechanism.
ORC system optimisation
An in-house MATLAB code has been developed in order to calculate the thermodynamic conditions of an ORC system. The code utilises Refprop (Lemmon et al., 2013) to calculate the thermodynamic properties of the organic fluid at liquid and gaseous conditions. In this version of the ORC model, the system is optimised to operate at steady state conditions, while the heat exchanger is assumed ideal. In addition, for simplicity, the heat and pressure losses in the connecting pipes are neglected. The heat input from the exhaust gas is given by equations (1) and (2). The index numbers are schematically described in the right section of Figure 1 .
The working fluid mass flow rate ( ), WF m the ORC peak pressure (which controls the superheating percentage) and the exhaust temperature are optimised by the in-house thermodynamic ORC code, using as objective function the Rankine cycle thermal efficiency and fulfilling the constraints from equation (3). Regarding the rejected heat, it is assumed ideally that the exit temperature of the organic fluid is equal to 320 K and it is described by equation (4).
( )
The consumed power by the pump is determined by equation (5). The pump efficiency is assumed constant in this study and equal to 65%. This value is considered as a realistic value to reduce the impact on the total ORC thermal efficiency calculation.
The efficiency of the expander is given by the expander model through an interpolation and extrapolation module since the expander efficiency varies at different expander rotational speeds, pressure ratios and mass flow rates. Then, the ORC model calculates the power produced by the expander through equation (6). The net electric power produced by the ORC is given by equation (7). The efficiency of the generator is assumed constant and equals to 92%, while the mechanical losses are negligible as the transmission ratio is 1:1 and hence there are no gears between the expander and the generator.
Finally, the overall ORC efficiency is given by:
Turbine modelling
The expander modelling considers the turbine volute, stator and rotor. For simplicity, a circular cross section is assumed in the volute. Since the volute is responsible for the turning of the fluid, the aim of the stator vanes is to accelerate the flow and deliver it to the rotor inlet uniformly and at the correct angle. Hence, uncambered vanes are assumed in this model. The convergence flowchart for the expander design methodology is briefly described in Figure 2 . At the beginning, an isentropic efficiency is assumed. Then, the actual enthalpy drop on the rotor, stator and volute are calculated. Once the calculation of the losses is achieved, the new isentropic efficiency is calculated. The loop ends when the estimated and the calculated isentropic efficiency converge. The whole modelling approach is based on the design procedure of Moustapha et al. (2003) . Table 2 Input parameters of the turbine model
Parameters

R245fa R123
Total inlet temp, To1 
Nozzle inlet r2/r3 -1.2-1.3 1.2-1.3
Flow blockage factor -0.1 0.1 Table 3 Constrains of the expander design code
Parameter
Unit value Explanation
Rotor inlet diameter, d4 m > 0.02 The minimum value considered for manufacturability.
Inlet blade height, b4 m > 0.001 The minimum value considered for manufacturability.
Inlet absolute flow angle, α4 degree < 80 To achieve reasonable number of blade and minimise associated losses.
Radius ratio, r5tip/r4 -< 0.85 To prevent excessive tip curvature.
In order to start with this procedure, a set of input parameters is required at the beginning of the design method. The thermodynamic parameters such as total inlet temperature and pressure, pressure ratio, and mass flow rate are imported from the ORC thermodynamic model in this paper. The aforementioned parameters are shown in Table 2 . However, it is worth mentioning that the results of the expander design code have to fulfil some geometric constrains which are briefly described in Table 3 . 
Rotor modelling
As mentioned before, the design procedure is based on the methodology outlined in Moustapha et al. (2003) . Two non-dimensional parameters, namely; loading coefficient ψ and flow coefficient Φ are required to calculate the velocity triangles and then the geometry of the turbine. These two parameters along with other parameters mentioned in Table 2 are optimised using the optimisation algorithm in the in-house code. The loading coefficient, equation (9), represents the actual enthalpy drop across the stage, and the flow coefficient, equation (10), represents the volumetric flow rate through the turbine. Since the working fluids used in this study are organic fluids, ideal gas equations are not applicable in such cases. Therefore, the thermodynamic properties of the fluid are calculated from RefProp (Lemmon et al., 2013) , which is a program that uses real gas equations to calculate the state points of the fluid.
Velocity triangle at rotor inlet
Since the thermodynamic parameters at the turbine inlet are calculated from the ORC model, the actual enthalpy drop Δh act can be defined. Using equation (9), the rotor blade velocityU 4 can be calculated. The tangential parameter of the velocity C θ4 is calculated using equation (11). In order to complete the velocity triangle, the meridional velocities at rotor inlet and exit are assumed to be equal, equation (12).
The velocity triangle at the rotor inlet is completed as shown in Figure 4 , and the other parameters (C 4 , W 4 , β 4 , α 4 ) can be obtained.
The rotor radius r 4 and blade height b 4 are calculated using equations (13) and (14), respectively. 
Velocity triangle at rotor outlet
Since the actual enthalpy drop Δh act is now known, the stagnation enthalpy h 05 at the rotor exit can be calculated as follows:
For an efficient radial turbine, swirl at the rotor exit should be avoided, i.e., C θ5 = 0. In most of mean-line design methods, swirl is negligible. However, this is not the case in practical applications. So, the tangential velocity C θ5 can be calculated using equation (16).
( )
( 1 6 ) The meridional velocity C m5 can be calculated using equation (10). Hence, along with the geometrical parameters given in Table 2 , the velocity triangle at the rotor exit can be solved. 
Stator modelling
As mentioned earlier, the stator vanes are assumed uncambered and their inlet and exit blade heights are equal to the blade height of the rotor at the leading edge. The velocity triangles as well as the thermodynamic parameters are calculated in an iterative manner using continuity and angular momentum equations. In order to complete the calculations, the relationship proposed by Watanabe et al. (1971) 
Volute modelling
For simplicity, a circular cross section is used in the volute. In an iterative manner, the volute area A 1 and inlet radius r 1 can be calculated as follows:
( 1 9 ) where SC is the swirl coefficient and it is assumed to be 0.1 (Moustapha et al., 2003) .
Losses modelling
The losses model is based on a well-established loss models existing in literature. The current model is accounted for the losses due to the following mechanisms: Passage, incidence, tip clearance, trailing edge and exit energy. All losses are detailed in Moustapha et al. (2003) .
Passage losses
Passage loss is defined as the total loss within the blade passage, including secondary flow and friction. The model reported in Ventura et al. (2012) , which is a combination between Suhrmann et al. (2010) and Rodgers (1987) is used, equation (16). 
Incidence losses
Incidence loss is the loss occurs due to deviation between the flow angle at rotor inlet and the optimum one. It can be calculated using equation (22).
( ) 
Tip clearance losses
Tip clearance losses are the losses occur due to the gap between the rotor blades and the turbine casing. It is expressed as follows:
tip a a a r r r a r a r a r
Exit energy losses
Exit energy losses are the losses occur due to the kinetic energy at the rotor exit. The kinetic energy occurs due to the larger swirl angle which causes the internal energy of the fluid to be converted into kinetic energy. It is expressed in the equation below:
Geometry Optimisation
The MATLAB ® optimisation toolbox TM is utilised for the optimisation of the turbine geometry under design conditions. This toolbox provides functions for maximising objectives which satisfy the user defined constraints. The toolbox includes solvers for linear programming, mixed-integer linear programming, quadratic programming, nonlinear optimisation and nonlinear least squares (MathWorks, 2011) . The solver that is utilised in this study is fmincon which is a constrained nonlinear minimisation or maximisation algorithm. The objective function is shown in equation (30). The multipliers a 0 , a 1 and a 2 are used to define the objective function by the designer. In fact, the important design parameters are the turbine total to static efficiency η ts , the expander power output W exp and the expander power over the turbine size max . net W D Different design criteria can lead to various optimised expander geometries. In this study, the turbine total to static efficiency η ts is selected as the objective functions with a 0 = 1, a 1 = 0 and a 2 = 0. The code solves for the selected objective function considering the design constrains described in Table 3 .
Results
Engine modelling
A heavy duty diesel engine model has been developed in this study, using a commercial engine simulation tool (Gamma Technologies, 2009) . The model was calibrated at three different load/speed operating points, namely; the optimum BSFC engine operating point (P1), the maximum engine torque (P2) and maximum engine power (P3). The engine model calibration is based on experimental fuel consumption values obtained in literature (Biaggini and Knecht, 2000) . Figure 6 shows the experimental BSFC map and the three simulation points.
Figure 6
The selected engine simulation points versus the measured fuel consumption map Table 4 briefly presents the engine simulation values, regarding fuel consumption and exhaust gas conditions. Comparative results between Figure 6 and Table 4 show that BSFC is predicted with a 2% error band compared to the experimental values. Also, it can be seen in Table 4 that the exhaust flow rate and temperature are increased at higher load/speed conditions which lead to higher exhaust gas enthalpy for the WHR system. 
Design and off-design analysis of the radial inflow turbine
The design of the ORC system is performed on engine maximum power operating point (P3), due to the higher content of exhaust waste heat at this point which can potentially lead to high inlet pressure and temperature for the expander. The higher pressure and temperature values result essentially in higher cycle efficiency. Initially, the proposed ORC thermodynamic model is utilised for the calculation of the ORC parameters regarding the organic fluid mass flow and pressure ratio by assuming an isentropic efficiency for the expander to be equal to 80%. The calculated inlet thermodynamic conditions of the expander are then used to design the expander geometry and the isentropic total to static efficiency. These conditions are fed back to the ORC thermodynamic model to calculate the new ORC thermal efficiency. After a few iterations, the two thermodynamic ORC model and the radial expander model converge. The optimised expander geometry and its performance are described in Table 5 . The results show that for both examined fluids almost the same total-to-static isentropic efficiencies are calculated. However, R123 presents approximately 1kW higher expander power output and an almost 10% more compact expander size.
In fact, the two tested R245fa and R123 organic fluids are considered as dry fluids which are favourable to avoid fluid droplets at the turbine blades as these droplets may result in corroded blades. According to Wang et al. (2011a) , R123 shows better thermodynamic performance, which is also validated in this study. In terms of ORC thermal efficiency, R123 presents 0.7% higher thermal efficiency compared to R245fa. On the other hand, R245fa is suggested as a promising fluid because of its environmental friendly and economic characteristics (Nelson, 2015; Masheiti et al., 2011) .
Once the design-point analysis is accomplished, off-design software is utilised in order to explore the performance characteristics of the expander and the ORC system at different engine operating conditions. The off-design analysis of the expander is performed for three different turbine speeds: 41,000 rpm, 52,000 rpm and 63,000 rpm. The expander geometry is kept constant and imported from the design procedure. Figure 7 illustrates the off-design analysis of the expander efficiency and shaft output for the two tested working fluids. In the same figure is also illustrated the expander design point as a reference. It is observed that the expander total to static isentropic efficiency and its power output are highly related to the rotational speed and the velocity (U/C) ratio. Small changes of the inlet thermodynamic conditions can lead to significant variations of the expander performance. It is also presented that maintaining the expander rotational speed in the design speed limits, isentropic efficiency slightly changes but power output drops at a more substantial rate. 
The expander map presented in Figure 7 is utilised to predict the ORC system efficiency under various engine operating conditions. Table 6 summarises the thermodynamic conditions and the optimum operating conditions for both the expander and the ORC system at various engine operating conditions and for the two tested fluids. It is illustrated that ORC efficiency achieves its maximum value at (P2), while it drops by 40% for both fluids at (P2). R123 shows consistently superior performance compared to R245fa by almost 5%. The reason that the ORC efficiency is higher at (P2) is related to the performance of the evaporator which in this study is assumed ideal without any losses. However the general trend is that ORC characteristics do not change significantly at full torque and power conditions, as cumulative exhaust enthalpy flow slightly varies. Another important observation from Table 4 is the performance of the expander under off-design conditions. It is clear that the expander efficiency doesn't change significantly; however the power output does significantly change at the three tested engine operating points. The main reason for this observation seems to be related to the available extracted heat from the evaporator. Although the expander efficiency doesn't change significantly, the available heat is lower and therefore the available heat to be converted into useful shaft power is lower.
ORC-equipped powertrain
One of the challenges facing manufacturers of OHV is to meet the CO 2 and exhaust emissions standards. At the same time, ORC system can also improve fuel consumption and increase powertrain power. One of the main targets of this paper is to investigate the potential for improvement of ICEs by implementing an ORC system that has an efficient expander. In this study, the benefits of the ORC system on the performance and fuel consumption of the engine are investigated, and the effects of the choice of working fluid are explored. Figure 8 presents the influences of the expander speed on the cycle performance at different engine operating points for both fluids. Using R245fa as the working fluid, the turbine speed (41,000 rpm), which is nominated as the optimum point by the in-house code, presents the best improvement at P1 and P2 due to the higher expander power at these points which lead to higher cycle performance as can be seen in Figure 8 . At the engine operating point (P3), the turbine speed (41,000 rpm) shows the lowest improvement due to the lower cycle efficiency at this point. The lower cycle efficiency is a result of the higher evaporative heat, Table 6 , which is related to the cycle efficiency as shown in equation (8). Using the turbine model, the turbine speed (52,000 rpms) is nominated as the optimum point when using R123 as the working fluid as illustrated in Figure 7 . However, the cycle power is highest at P2 only with this speed (52,000 rpm). Again, this is due to the higher expander power at this point. Although the turbine power is higher at P3, the evaporative heat is also high which results in lower cycle efficiency using Equation 8. Overall, the turbine speed is related directly to turbine performance which significantly affects the cycle performance that eventually affects the engine performance. Figure 9 presents the improvement of the BSFC for both R245fa and R123 working fluids at different engine operating points. As presented in Figures 9 and 10 , the working fluid R123 is always superior in improving the fuel consumption and the performance of the engine. In Figure 6 , at P1, the ORC system improves the engine BSFC by 2.1% when using R245fa as a working fluid and by 2.2% when using R123. The potential benefit of the ORC system on fuel consumption is even higher when engine works at full load conditions. At engine maximum torque and engine maximum power BSFC can be improved by 4% and 5.2% when R245fa is applied while R123 offers even higher efficiency equal to 4.6% and 5.4%, respectively. It also has to be mentioned that these numbers are directly related with the CO 2 reduction of the proposed powertrain unit. The effect of the ORC system on the integrated powertrain power is also investigated. As can be seen in Figure 9 the trends for the improvement on engine power are almost the same as the BSFC results. At P1, the powertrain power output is increased by 2.1% or 2.3%, when the employed working fluid is either R245fa or R123, respectively. At point P2, it is found that the available torque is increased by 4.1% in the case of R245fa and by 4.8% in the case of R123. Last but not least, the maximum power of the integrated unit increases by 5.4% when R245fa is utilised and 5.8% when R123 is employed.
Effects of different expander speeds on the ORC performance
Engine performance at two different working fluids
Finally, the ORC system is found to improve NOx emissions. In OHV and marine applications, emissions standards are defined in g/kWh; therefore the increase of the combined output power due to the ORC leads to lower brake specific NOx emissions. Figure 11 shows that an ORC system itself can't keep emissions under legislation emission standards. However, ORC system can assist an after-treatment system to handle lower NOx emissions through exhaust thermal management. This can be done by assisting the SCR catalyst to operate within the temperature range of 350ºC-450ºC by controlling the available thermal power of the exhaust gas. 
Conclusions
In the current paper, a comprehensive study on ORC systems as bottoming cycles in ICEs was performed at different engine speed and load conditions. The influences of the ORC performance on engine power, BSFC and NOx emissions were evaluated using two different organic fluids. Being the crucial component of the ORC system, a design procedure and an optimisation technique of the expander were explained in details. In addition, the effects of the expander performance on the ORC system were investigated under various expander speeds. The results showed that the ORC system has a significant impact on the ICEs performance. It was shown that the engine power can be increased by up to 5.7% with R123 and 5.4% with R245fa. Moreover, the results proved that ORC systems can assist in reducing the fuel consumption by up to 5.5% and 5.2% when using R123 and R245fa, respectively. The NOx emissions were also shown to be reduced by same trend. In addition, the ORC showed improved performance at high engine load and speed conditions due to the higher available temperature and hence higher quantity of the fluid being evaporated. Moreover, the assumption of constant expander efficiency that is usually utilised in number of ORC system-level studies was proved to be insufficient for accurate modelling of system performance and management of the expectations of what is achievable from such a technology. The results also showed that the expander performance substantially changed at various operating conditions and for different working fluids. The working fluid R245fa showed better expander efficiency than R123 by around 1%. However, R123 presents approximately 1kW higher expander power output and an almost 10% more compact expander size.
